The relationship between pulmonary arterial pressure and pulmonary blood flow has been studied by a number of investigators in anesthetized animals (1), in man after pneumonectomy or unilateral pulmonary arterial occlusion (2, 3), and in normal man during exercise (4-7). With a few exceptions (1) these studies have agreed that doubling or trebling the pulmonary arterial flow does not produce a comparable increase of pulmonary arterial pressure. Sloan, Morris, Figley, and Lee (2) and Brofman (3) found in human subjects only a very slight rise of pulmonary arterial pressure during balloon occlusion of one main pulmonary artery branch when cardiovascular dynamics were normal. However, the relationship between pulmonary arterial pressure and pulmonary arterial blood flow at higher rates of flow has been examined by only a few investigators.
The relationship between pulmonary arterial pressure and pulmonary blood flow has been studied by a number of investigators in anesthetized animals (1) , in man after pneumonectomy or unilateral pulmonary arterial occlusion (2, 3) , and in normal man during exercise (4) (5) (6) (7) . With a few exceptions (1) these studies have agreed that doubling or trebling the pulmonary arterial flow does not produce a comparable increase of pulmonary arterial pressure. Sloan, Morris, Figley, and Lee (2) and Brofman (3) found in human subjects only a very slight rise of pulmonary arterial pressure during balloon occlusion of one main pulmonary artery branch when cardiovascular dynamics were normal. However, the relationship between pulmonary arterial pressure and pulmonary arterial blood flow at higher rates of flow has been examined by only a few investigators.
In 1950, Cournand, Riley, Himmelstein, and Austrian (8) published studies of pulmonary blood pressure in normal physicians at rest and during exercise and in patients who had had a pneumonectomy with a normal remaining lung. These investigators concluded that pulmonary blood flow in man can increase to approximately three times the normal before the pulmonary arterial pressure will rise above normal limits. Lategola studied pulmonary pressure and flow relationships at high flow levels achieved by occluding 50% or more of the pulmonary circulation in anesthetized dogs (9) . Lategola also found that when pulmonary blood flow was increased to approximately 250 to 300% above normal, the pressure rose sharply.
Unlike Cournand, he found some increment of pulmonary arterial pressure even when pulmonary blood flow was increased less than 100% above the normal.
In the foregoing studies of high pulmonary blood flow, the methods used for measuring pulmonary blood flow were necessarily indirect, and left atrial pressure was not measured. Thus the effect of pulmonary blood flow upon pulmonary vascular resistance could not be accurately computed. The purpose of the present study is to examine in anesthetized dogs the effect of increase of pulmonary blood flow under circumstances that permitted direct measurement of pulmonary blood flow and left atrial pressure. The pulmonary blood flows were measured at levels from 50% to 500% of normal,' and left atrial pressures were held constant in some experiments.
Methods
The experiments were performed upon 19 mongrel dogs that were in three groups.
Group 1 consisted of nine dogs. The experimental design for equal perfusion of the systemic and pulmonary circulations with a roller pump is described in detail elsewhere (10) and is only summarized here. Three animals were anesthetized with pentobarbital sodium, 30 mg per kg, intravenously. Six received morphine sulfate, 5 mg per kg, intramuscularly followed by intravenous chloralose in amounts required to maintain anesthesia. The animals received heparin, 5 mg per kg, intravenously. After opening the chest, ventilation with 100% oxygen was maintained at a constant level by means of a Harvard respirator set at 16 strokes per minute with a stroke volume of 250 to 300 ml. The pulmonary circulation was perfused through a cannula inserted through the proximal inferior vena cava into the arrested heart from a reservoir, which received the venous return from the distal superior and inferior venae cavae. The systemic circulation was perfused by means of cannulae inserted into the common carotid and proximal left subclavian arteries. The coronary arteries and right subclavian artery were excluded from the circulation. Pulmonary venous return was collected from a cannula inserted into the apex of the left ventricle and 2040 drained into a reservoir for pumping to the systemic circulation. Pulmonary and systemic flows were measured by simultaneous collection of the venous return from the left ventricle and venae cavae, respectively, into graduate cylinders. The dead space of the reservoirs and tubing was filled with pooled donor blood, which in most experiments was supplemented by 6%o iso-oncotic dextran in saline with calcium, magnesium, and potassium chloride added to achieve physiologic concentrations.
Blood temperature was monitored constantly and was maintained at 37.5 ± 0.5°C. Blood pH was measured at 370 C by a Beckman expanded scale pH meter after each change in flow setting. One hundred to two hundred ml 2.5% NaHCOs was added to the blood at 15-to 30-minute intervals when necessary. Blood oxygen saturations were determined in the Van Slyke manometric apparatus. Pressures in the pulmonary artery, left atrium, and aorta were determined simultaneously through Cournand catheters with Statham transducers and a four channel direct-writing Sanborn Polyviso electrocardiograph.
Systemic and pulmonary blood flows were always equal. A flow of 100 ml per kg per minute was considered to be normal. Pressures were evaluated in each experiment at flow levels of approximately 50, 100, 200, 300, 400, and 500 ml per kg per minute. Thus, blood flow rates up to 500% of normal could be achieved. Since the maximal capacity of the pump was 3,600 ml per minute, it was necessary to obstruct the blood flow to one lung in order to achieve pulmonary flows above 250 to 300% of normal. This was achieved in eight animals. In four dogs a balloon was inflated in the left main branch of the pulmonary artery. The proper placement of the balloon was verified by palpation and at autopsy. A snare intermittently occluded the right pulmonary artery main branch in two dogs and the left in one. The right pulmonary artery was ligated in one dog, 335. Equal perfusion of the two lungs was assumed, and the measured blood flow through one lung was doubled in order to give the equivalent flow through both lungs. Hence, a pulmonary flow of 50 ml per kg per minute through one lung was considered normal. In all balloon or snare occlusion experiments, pressure values for pulmonary flow between 50 and 250 ml per kg per minute were determined in two ways, with perfusion of both lungs and of one In group 2, six additional animals were prepared as were those of group 1, with the following exceptions. To avoid the effect of viscosity reduction upon the pressure/flow curve of the pulmonary artery, no dextran was added to the donor blood. All experiments were carried out with the right pulmonary artery ligated, and a blood flow of 50 ml per kg per minute through the left lung was considered normal. Pulmonary arterial pressures were evaluated at flow levels of from 50 to 500% of normal. Left atrial pressure was maintained constant at 10 mm Hg in each of the six animals by adjusting the left atrial reservoir. In addition, pressure/flow curves were evaluated in four of the six animals while the left atrial pressure was held constant at 5 mm Hg. In these experiments, blood pH was controlled between 7.35 and 7.45.
In group 3, to duplicate more closely the experiments of Lategola (9), six additional animals were studied during left lower lobe perfusion. Constant return to the right atrium was maintained as described earlier, but the blood was first pumped through a disposable plastic oxygenator bag1 to provide adequate gas exchange. The heart was permitted to beat, but its output was controlled by the roller pump, which regulated flow to the right atrium. Pulmonary blood flows were estimated from the systemic venous return via the venae cavae and hence were consistently lower than the actual flow because of loss through the coronary circulation. Blood flow was set at 100 ml per kg per minute, which was considered normal. At this flow level, measurements of hematocrit, blood pH, systemic arterial oxygen saturation, and pulmonary arterial and left atrial pressure were made. Then the right main pulmonary artery and the branch arteries to the left upper and middle lobes were ligated. In four of the six animals, pulmonary flow was reduced until the pulmonary arterial-left atrial pressure difference was the same as when all lobes were perfused with blood at a flow of 100 ml per kg per minute. This new flow was considered to represent normal flow to the left lower lobe. The flow was then increased in steps to a maximum of 400% of normal or until the left heart began to fail. Measures of left atrial and pulmonary arterial pressure were repeated at each level of blood flow. Blood pH, hematocrit, and systemic arterial oxygen saturation were repeated at the end of the experiments. In two of the six animals, 347 and 350, while the left lower lobe was perfused at 75 ml per kg per minute, the oxygenator bag was disconnected. Then, while the lungs were ventilated with 100% oxygen, serial blood samples were analyzed for pH, C02 content, and systemic arterial saturation for a period of 9 minutes. Pulmonary arterial pressure/flow curves were not evaluated in these two animals.
Results
The results of these experiments are summarized in Tables I to IV . In animals of group 1, with both lungs perfused, initial mean pulmonary arterial pressures were from 13 to 23.6 mm Hg at 100 ml per kg per minute flow (Table I) . These were considered to be control pressures. These The changes in pulmonary arterial pressure and pulmonary vascular resistance when the flow was decreased to 50% of normal and increased to 200, 300, 400, 500, and 600%c of normal are shown in Table I . In all instances the pulmonary vascular resistance rose as the pulmonary arterial flow was decreased and fell significantly as the pulmonary arterial flow was increased. When pulmonary arterial flow was doubled, the mean ratio of pressure to-the control was 1.44, Table I . When it was trebled, the mean ratio of pressure to the control was 1.83, and when it was quadrupled the pressure increased just a little over twice the control to 2.04. In a number of these animals the final hematocrit was quite low because considerable dextran had to be added to the donor blood to have sufficient volume for the experiments. However, in two animals, 290 and 293, the hematocrits were normal at 39 and 45. (Table  II) . When left atrial pressure was held constant at 10 mm Hg and pulmonary flow was doubled, the ratio of pulmonary arterial pressure to control was 1.28. When flow was trebled, the pressure ratio to control was 1.53, and when flow was quadrupled, pressure ratio to control was 1.78.
Pulmonary vascular resistance fell significantly as flow was increased to 300%, but it did not fall sig- Figure 5 ). Figure 6 is a graph relating the changes in pulmonary vascular resistance in all animals of group 2 to the changes of pulmonary blood flow. Mean values and the ranges are shown. Again, there is a continuing decline in pulmonary vascular resistance as pulmonary blood flow is increased. Figure 7 compares the pulmonary pressure to flow relationship obtained in the experiments of Cournand and coworkers (8), Brofman and co-workers (12) , and Lategola (9) with those obtained in the present studies with left atrial pressure held constant at 10 mm Hg. At pulmonary blood flows of 250 to 300%o above normal, our curve does not show the sharp upward increment of pressure demonstrated by the Cournand and Lategola curves. The curve obtained in our studies has a slope very similar to that obtained by Brofman in man while employing exercise and balloon occlusion of one pulmonary artery (12) .
The results obtained in four animals of group 3 during left lower lobe perfusion are presented in Table III and Figure 8 . In these animals, the increment of pulmonary arterial pressure at a given flow increment was somewhat greater tha ¶ (Table IV) . In these two animals, arterial oxygen saturation fell from normal to 64.7% in one and to 26.5%o in the other within 9 minutes.
Discussion
The pressure/flow curves and the relationship between pulmonary vascular resistance and flow found in these experiments are similar to those shown by Williams (13) in the perfused left lower monary blood flow increased two and five-tenths to three times above normal.
It is now necessary to consider the reasons for the differences in the curves that we obtained and those found by Lategola (9) . We studied openchest animals during positive pressure respiration; Lategola did not. The use of positive pressure breathing would tend to increase pulmonary vascular resistance over the entire curve, but it should not change the shape of the curve (13, 14) . When intrapulmonary pressure is raised, there are two mechanisms that may increase pulmonary vascular resistance (14) . One is a rise in perivascular pressure for those vessels near the alveoli. The other is longitudinal stretch of blood vessels with greater lung inflation, which may in turn cause vascular narrowing. The effect of a change in alveolar pressure upon pulmonary arterial pressure may be much more profound when pulmonary venous pressure is near or below atmospheric levels (15) . Since we found a tendency to lower rather than higher resistances at high levels of pulmonary blood flow, the use of positive pressure breathing would not explain the difference. Left atrial pressure rose as pulmonary flow was increased in our group 1 experiments. Increase of left atrial pressure is known to decrease pulmonary vascular resistance (16) . However, a similar but less pronounced decrease in pulmonary vascular resistance was found with increasing flow in our group 2 experiments, in which left atrial pressure was constant. Was there a difference in the state of the nervous system? In our investigation carotid sinus reflexes were found to be intact at the end of the experiments. Many of our studies were carried out under morphine-chloralose anesthesia so that reflex activity should have been preserved. Many studies were made with balloon occlusion and no dissection at the hilum of the lung to damage the nerves around the pulmonary vessels.
-The following points must be considered as significant differences in the two investigations. In our work the pulmonary flows were measured directly; those of Lategola (9) were not. The studies made by Lategola at a high percentage increment of pulmonary flow involved the use of two balloon catheters so that only a portion of one lung was being perfused. It is not unlikely that some pulmonary edema occurred, which would have impaired the uptake of oxygen required for the Fick principle. A further possibility is that the great flow through such a small portion of the lung was accompanied by hypoxia, which increased pulmonary vascular resistance above normal. The development of severe hypoxia along with hypercapnia and acidosis in our experiments when one pulmonary lobe only was perfused suggests this possibility. These changes are known to increase pulmonary vascular resistance (17) (18) (19) . Although the pulmonary resistance increase in our dog 350 was only modest, the response of the dog's pulmonary circulation to hypoxia is known to be often delayed or transient (20) . Thus the effect of hypoxia and respiratory acidosis might have been greater in Lategola's studies than shown here. Another possibility is that the inflation of the pulmonary arterial balloon in a small pulmonary arterial branch produced a reflex increase in resistance in the remaining lung, thus causing the pressure/flow curve to become convex toward the flow axis. It must be added that the inflection point on this curve at a flow increase of 250 to 300% described in Lategola's experiments (9) depended upon only two observations out of eight experiments at high flow. With the exception of these two observations, the pulmonary pressure to flow relationship in his study closely resembles that in ours.
Neither our studies in perfused lungs of the dog nor those of Brofman and associates in man (12) demonstrated increasing pulmonary vascular resistance as pulmonary flow increased. Our data demonstrated a linear relationship between pulmonary arterial pressure and flow, especially at higher levels of flow, consistent with the pressure/ flow curve typical of a passive vascular bed (11) . The initial rapid decrease of pulmonary vascular resistance as flow was increased from below normal levels is consistent with vasodilation or opening of previously unperfused vessels. The fact that pressure rose less rapidly than flow on the linear portion of the curve can be explained by the reduction in apparent viscosity at higher flows in small vessels (21). Brofman's studies and ours show that any appreciable increase in pulmonary blood flow is attended by some immediate increase of pulmonary arterial pressure. Such changes were regularly observed in these experiments and in the studies reported of exercise and pulmonary arterial pressure in normal supine human subjects by Dexter and associates (6) and by Slonim, Ravin, Balchum, and Dressler (7). Presumably, in time the pulmonary vascular bed adapts itself to increases of flow so that after some months the resting pulmonary arterial pressure is normal after pneumonectomy, provided that the remaining lung is normal.
A number of investigators (4, 5, 8) have failed to find an increase of pulmonary arterial pressure in normal human subjects during exercise, even when pulmonary blood flow was as much as twice the normal. There are a number of differences between passive increases of pulmonary flow achieved by a mechanical pump or by pulmonary arterial branch occlusion and flow increases produced by exercise. With exercise, a different pressure to flow relationship might result from changes in acid-base balance, autonomic nervous system effects, the release of humoral factors, or changes in the oxygen content of pulmonary arterial blood. The relation between pulmonary arterial blood pressure and pulmonary blood flow in man is of practical significance. Under ordinary circumstances it is unlikely that pulmonary blood flow five times the normal resting value, the maximal value used in these studies, develops during exercise. Mitchell, Sproule, and Chapman (22) studied 15 normal men during treadmill exercise and found that maximal oxygen uptake averaged nine and five-tenths times the resting value. Cardiac outputs at this time had increased four and three-tenths times the control values. Hence, if there were a sharp rise in pulmonary arterial pressure and vascular resistance at a pulmonary blood flow of three to three and one-half times the normal, performance during exercise might be limited by a strain on the right ventricle. The pulmonary arterial pressure/flow curve is of special significance in patients with one lung removed or destroyed by disease; here pulmonary blood flows of four to six times the normal through the remaining lung can be achieved by ordinary daily activity. If the left atrial pressure remains normal, as suggested by studies of left ventricular enddiastolic pressure by Ross, Mason, Bender, and Braunwald (23), such high flows will only approximately double the pulmonary arterial pressure of the normal remaining lung. This degree of pulmonary hypertension is of itself unlikely to limit exercise tolerance of such patients.
Summary
The relationship between pulmonary arterial pressure and pulmonary blood flow at high flow rates was studied in three groups of dogs. In one group of nine open-chest dogs, constant and equal systemic and pulmonary flow rates were evaluated with the heart arrested. Flow rates above 200% of normal through one lung were obtained by bal-loon occlusion or snare occlusion of the pulmonary artery to the other lung. In a second group of six dogs, similar studies were made during constant left atrial pressure. In a third group of four open-chest animals, pulmonary pressure to flow relationships were studied while the beating heart perfused the left lower lobe only. When left atrial pressure was held constant, pulmonary vascular resistance fell as the flow rate was increased stepwise from 50 to 500% of normal. At 200% of normal flow, pulmonary arterial pressure increase was 28% above control; at 300% of normal flow, the mean pressure increase was 53%; at 400% of normal flow, the mean pressure increase was 78%; and at 500%o of normal flow, the mean pressure increase was 104%. Similar results were obtained in the animals of groups 1 and 3. In no animal did the pulmonary vascular resistance increase with increasing flow within the flow range studied, although the rate of decrease in resistance fell with increasing flow rates. These studies do not support the concept that pulmonary arterial pressure increases sharply when pulmonary flow rises to approximately 350 to 400% of normal.
